Little is known about the association of low endogenous testosterone levels and abnormal sleep patterns in older men, although pharmacological doses of testosterone are associated with increased severity of sleep apnea and other sleep disturbances.
S
leep patterns change with age, with older individuals showing prolonged sleep latency, greater sleep fragmentation, poorer sleep efficiency, and lighter sleep (less slow wave sleep) than younger individuals (1, 2) . These associations are much stronger in men than women, suggesting a sex-related vulnerability to age-associated sleep problems (2) . The prevalence of sleep apnea in older adults ranges from 5% to greater than 80%, depending on the definition, and is both more prevalent and more likely to become severe with aging in men than women (3, 4) . The physiological mechanisms that underlie these large sex differences in sleep and sleep-related disorders, including a male predominance for less slow-wave sleep and more sleep apnea are poorly understood.
In most studies, bioavailable but not total testosterone levels decrease with age in apparently healthy men (5) (6) (7) . The clinical significance of this decline, which often begins in midlife, is uncertain. As reported in the Institute of Medicine monograph (7) , low levels of testosterone have been associated with frailty, reduced lean body mass (8) and muscle strength (9) , increased total body and central obesity (10 -13) , reduced cognitive function (14, 15) , and low libido (16) . There has been little mention of the potential association of sleep disturbance with testosterone levels, and the association between endogenous testosterone levels and sleep disturbance and sleep apnea has not been addressed in large community-based studies.
Most clinical trials of testosterone treatment and sleep were small, short studies of pharmacological doses (at least 200 mg of weekly testosterone enanthate) in older eugonadal (17, 18) or hypogonadal (19, 20) men, and focused on sleep apnea as an outcome. In these trials, testosterone caused or worsened sleep apnea. Intramuscular testosterone therapy does not mimic physiological hormone levels or the circadian rhythm seen in younger men. Transdermal testosterone administration can maintain more stable physiological serum testosterone concentrations, but lacks pulsatility and diurnal rhythm, possibly necessary for beneficial effects. In the largest and longest clinical trial of transdermal testosterone, 108 men without known sleep apnea (whose average testosterone levels were lower than the young male mean) were randomly assigned to daily placebo or scrotal testosterone patch for 3 yr (21); sleep apnea was evaluated by a portable instrument that assessed cessation of airflow and change in saturation of oxyhemoglobin. In this trial testosterone titrated to physiological levels showed no effect on sleep-disordered breathing.
Previous studies of testosterone treatment of sleep disturbance had variable results. For example, one cross-sectional study of 216 men with sleep apnea (22) showed that more severe hypoxia was associated with lower free and total testosterone levels, independent of age and obesity. In that study, treatment with continuous positive airway pressure increased total but not bioavailable testosterone. In another study of eight men with sleep apnea, androgen blockade had no effect on their apnea (23) .
Thus, it remains unclear whether restoration to young adult testosterone levels is protective or harmful to sleep patterns in elderly men. No large population-based studies have reported the association of endogenous testosterone levels with objectively measured sleep parameters in older community-dwelling men or examined whether any observed associations are independent of age, body mass index (BMI), and other potential covariates. We report here the independent association of baseline endogenous total and bioavailable testosterone levels in 1312 relatively healthy community-dwelling older men who had overnight sleep duration, sleep architecture, and sleep-disordered breathing measured objectively an average of 3.4 yr later. and San Diego, CA) agreed to participate in a study of healthy aging, with a particular focus on osteoporosis and fractures. Eligibility required that participants be at least 65 yr of age, have no bilateral hip replacements, and be able to walk without the assistance of another person. Details of the MrOS design and cohort have been published (24, 25) .
Participants and Methods

Participants
Baseline blood was assayed for testosterone in 2623 participants (44%), who were chosen based on availability of a complete set of skeletal imaging procedures (to be used in planned analyses of the effects of sex steroids on skeletal change). The sampling scheme included all nonwhite participants, an oversampling of men with complete skeletal imaging and an oversampling of participants from the Birmingham and Portland clinics. The sample target was 2643 participants; a sample of 2623 (99%) was achieved.
An average of 3.4 yr after the baseline visit, between December 2003 and March 2005, a subset of MrOS participants were invited to participate in an ancillary study, the Outcomes of Sleep Disorders in Older Men. To participate in the Outcomes of Sleep Disorders in Older Men, men were required to consent to a comprehensive assessment that included objective measures of sleep, including a single night of in-home unattended polysomnography (PSG), plus wrist actigraphy for a minimum of three consecutive 24-h periods. In addition, participants completed an in-clinic examination and interview, which included validated sleep questionnaires. A total of 3135 MrOS men participated in the sleep study.
Although it is possible that some men were less healthy 3 yr later at the time of the sleep tests, we doubt that this explains the observed association because men in MrOS were ambulatory, community dwelling, and relatively healthy, and men who were seriously ill or recovering from a serious illness were excluded from polysomnography or had their scheduled in-home evaluation delayed until they were well.
Overall, 1510 of the men with testosterone assays (58%) attended the sleep examination; of these, 1321 men had both actigraphy and PSG data of sufficient quality for inclusion in the analyses. After excluding one participant whose high testosterone value suggested he was taking unreported testosterone and eight who were on antiandrogen therapy for prostate cancer, there were 1312 men for the present study who had complete data on both testosterone levels and sleep measures. The institutional review board at each clinic site approved the study; written informed consent was obtained from all participants.
Sex steroid and related assays
All but 1% of venipunctures were obtained before 1100 h in fasting subjects at the baseline visit. All blood was prepared immediately after phlebotomy and stored at Ϫ70 C. All samples remained frozen until assayed at the Oregon Health and Science University General Clinical Research Center by a single technician. Pooled serum controls were included in every assay. Total testosterone was measured using a solidphase 125 I RIA [Diagnostic Products, Los Angeles, CA; range: 10 -1600 ng/dl; intraassay coefficient of variation (CV): 5.4%; interassay CV 8.2%]. All testosterone assays were completed in duplicate, with the average value used for analyses. Testosterone assays were repeated when there was a 40% or greater difference between initial assay duplicates. In a subset of the MrOS cohort, the results of testosterone assays using RIA were highly correlated with results obtained using mass spectromometry (r Ͼ 0.90).
Bioavailable testosterone was calculated using mass action equations (26, 27) and approximated the sum of free testosterone plus albuminbound hormone. This calculation used sex hormone binding globulin measured by using an immunometric assay (Diagnostic Products) with a range of 0.2-180 nM/liter; intraassay CV 3.3%; and total assay CV 5.3%; albumin was measured using a Beckman LX 20 analyzer (Beckman-Coulter Instruments, Buckinghamshire, UK; intraassay CV 1.6%; total assay CV 3.4%).
In-home overnight PSG
In-home sleep studies were performed using full-night, unattended, in-home PSG and the same standardized sensors recommended by the American Academy of Sleep Medicine. The recording montage consisted of two central electroencephalograms; a bilateral electrooculogram; a bipolar submental electromyogram; thoracic and abdominal respiratory inductance plethysmography; airflow (by nasal-oral thermocouple and nasal pressure cannula); finger pulse oximetry; electrocardiogram; body position (mercury switch sensor); and bilateral leg movements (piezoelectric sensors). Trained, certified staff members performed home visits for set-up of the sleep study units, using methods developed for the Sleep Heart Health Study, described previously (28) . Differences in in-home vs. in-laboratory detection of hypopneas or apneas would not be anticipated unless signal quality was degraded. Signal quality for MrOS was closely monitored, and PSG data quality was excellent with less than a 4% failure rate; the quality of more than 70% of studies was graded as excellent or outstanding. Prior work has shown that measurement of the apnea-hypopnea index (AHI) from PSG performed in home settings has excellent agreement with PSG performed in the laboratory: this was formally evaluated in a study using similar equipment in the home and laboratory, which showed similar measurement for the AHI for each type of study (e.g. median AHI was 12.4 in home and 9.5 in laboratory; P ϭ 0.41) (29) . All differences were attributed to night-to-night variability and differences in time spent supine. The other potential differences between laboratory-and home-based full PSG would be attributable to differences in setting.
PSG studies were scored at a central reading center (Case Western Reserve University, Cleveland, OH) by research-certified scorers (28) . Apneas were identified if the amplitude of the airflow was flat or nearly flat for longer than 10 sec. Obstructive apneas were scored if persistence of effort on abdominal or thoracic inductance plethysmography was noted, and central apneas scored if there was no evident effort on both the abdominal and thoracic plethysmography bands. Hypopneas were scored using Sleep Heart Health Study criteria (requiring a discernible Ͼ 30% reduction in amplitude of respiratory effort or airflow). For the current study, we included only respiratory events associated with 3% or greater oxygen desaturation. Using these approaches, between-and within-scorer reliability for various derivations of the AHI in the same scoring group has been excellent, with intraclass correlation coefficients ranging from 0.76 to 0.99 (30) .
Wrist actigraphy
The Octagonal Sleep Watch actigraph (Ambulatory Monitoring, Inc., Ardsley, NY) was used to detect movement. The actigraph contains a piezoelectric linear accelerometer that generates voltage each time the actigraph moves. These voltages were gathered continuously and summarized over 1-min epochs. The actigraphs collect data in three modes: zero crossings, proportional integration mode (PIM), and time above threshold. We used the PIM mode, a high-resolution measure of activity level or vigor of motion. PIM data were scored using Action W software, based on an algorithm developed at the University of California, San Diego (31) .
These algorithms calculate a moving average, which takes into account the activity levels immediately before and after the current minute, to determine whether the given time point should be coded as sleep or awake. To minimize night to night variability, the average of the sleep parameters over all nights was used in all analyses.
Men were instructed to wear the actigraph continuously on the nondominant wrist for five consecutive 24-h periods and did so for an average of 5.2 Ϯ 0.8 nights (range 1-13). Data comparing total sleep time assessed using actigraphy in MrOS men with the gold standard PSG recorded concurrently (n ϭ 909 men) indicated a modest correlation (r ϭ 0.61). Actigraphy parameters included total hours of sleep per night; sleep efficiency (the percentage of time the participant spent sleeping while in bed); sleep latency (the number of minutes it took for a participant to fall asleep from the time they got into bed); and wake after sleep onset (a measure of sleep fragmentation that represents the number of minutes a participant was awake during a typical sleep period and after the initial onset of sleep of at least 20 min duration). Total sleep duration was categorized as less than 5 h, 5 to less than 7 h, 7 to less than 8 h, or more than 8 h (32). Participants also completed a sleep diary that was used in the editing of the data to determine when the participant got into and out of bed and when the actigraph was removed. Actigraphy data were transferred to the MrOS coordinating center (San Francisco, CA) for centralized processing.
Other measures
Race/ethnicity, education level, and marital status were determined at baseline. At the time of the sleep study, all participants completed a standard self-administered questionnaire that included questions about medical history, current use of medications, self-reported health, alcohol drinks per week, and current smoking status. The Physical Activity Score for the Elderly was used to assess physical activity level (32) . Participants were asked to bring in all medications used within the last 30 d; a computerized dictionary, based on the original Established Populations for Epidemiologic Studies of the Elderly (EPESE) coding system (33) and maintained at the MrOS coordinating center in San Francisco, was used to categorize the medications. Height (centimeters) was measured on Harpenden stadiometers, and weight (kilograms) was measured on standard balance beam or digital scales using standard protocols, with participants wearing light clothing without shoes. BMI was calculated as kilograms per square meter. Waist, hip, and neck circumference (centimeters) were measured. Comorbidity was defined as a history of any of the following: osteoarthritis, cardiovascular disease, diabetes, chronic obstructive pulmonary disease, and Parkinson's disease.
Statistical analyses
Characteristics related to sleep or testosterone were summarized using means and SDs for continuous data and counts and percentages for categorical data. Linear trends of participant characteristics across categories of testosterone quartiles were assessed using least-squares models for continuous variables and Mantel Haenszel 2 tests for categorical variables. Linear and the least-square regression were used to examine the association between bioavailable or total testosterone as the independent exposure variable and the continuous sleep outcome measures. Logistic regression was used to examine the association between bioavailable or total testosterone levels and categorical sleep measure outcomes (oxygen saturation Ͻ 90% and AHI Ͼ 15). For skewed outcome variables, the analyses were repeated using transformations to meet normality assumptions. There were no differences in the results. For ease of interpretation, the original outcome variables were presented.
Total sleep time, sleep efficiency, sleep latency, and wake after sleep onset time were determined using actigraphy, which provided data averaged over several nights. PSG data were used for models including sleep architecture outcomes [percent of total sleep time spent in stage 3-4 (sleep slow wave sleep) and rapid eye movement (REM) sleep] and indices of sleep-disordered breathing [nocturnal hypoxemia (the percent of sleep time spent with O 2 saturation Ͻ 90%) and AHI, the number of apneas and hypopneas associated with at least a 3% oxygen desaturation per hour of sleep]. Results were the same with 4% desaturation (data not shown).
To explore for potential threshold associations, we analyzed total and bioavailable testosterone levels by quartiles and, for total testosterone, by categorical low and not low levels (Ͻ250 vs. Ͼ 250 ng/dl), as defined by the Institute of Medicine (7). Known or suspected determinants of testosterone and each sleep outcome were examined for potential confounding in age-, race-, and clinic-adjusted models. For each outcome, a backward stepwise regression procedure was used for covariate selection. Any covariate that remained in any of the models with a P Ͻ 0.10 was considered for inclusion in the full multivariable models. To avoid multicollinearity with BMI, the final models excluded waist, hip, and neck circumference.
The initial multivariable models were adjusted for clinic site, race, BMI, comorbidity, smoking status, and alcohol drinks per week. The final multivariable models were adjusted for age, clinic site, race, and BMI only because none of the other covariates changed the results when included in the model (data not shown). All analyses were also adjusted for the stratified sampling scheme; results were unchanged, and this was not included in the final models.
All analyses were performed using SAS software, version 9.1 (SAS Institute, Cary, NC).
Results
The average age of the 1312 men was 72.6 yr (SD 5.4). The distribution of total sleep time estimated from actigraphy was as follows: 10.7% slept less than 5 h, 53.9% slept 5 to less than 7 h, 28.2% slept 7-8 h, and 7.0% slept 8 h or longer. Total sleep duration was not significantly associated with age in these older men but was strongly associated with BMI and neck, waist, and hip circumferences. The highest values of adiposity measures were observed among the 141 men who slept less than 5 h. Proportionately, more Caucasians and Hispanics slept longer than 8 h a day, compared with African-Americans and Asians, who tended to sleep less (P ϭ 0.03). Total testosterone levels were highest in men who slept 7-8 h and lowest in men who slept less than 5 h. Bioavailable testosterone did not vary by sleep duration (data not shown). Table 1 shows cohort characteristics by quartile of total testosterone. Linear trends were observed between decreasing quartiles of testosterone and increasing levels of all body size measures (BMI and neck, waist, and hip circumferences). Body size measures were highest for men in the lowest quartile of total testosterone (Ͻ330 ng/dl). Men in the lowest testosterone quartile were also more likely to have more than one medical condition. No significant linear trends were found for physical activity, alcohol consumption, or current cigarette smoking across testosterone quartiles; less than 5% of men were current smokers. No differences by clinic site or race were found among quartiles of testosterone (P Ͼ 0.05) (data not shown). Table 1 also shows no differences in sleep duration, time in slow-wave or REM sleep, or arousal frequency across quartiles of testosterone. The two measures of sleep consolidation, sleep efficiency and wake time after sleep onset, showed that older men with lower testosterone levels had (on average) a lower percentage of time in bed spent asleep and a higher proportion spent awake after sleep onset. Individuals with lower testosterone levels also had a higher average AHI and a higher proportion with nocturnal hypoxemia, compared with individuals with higher testosterone levels. The same analyses were repeated by quartile of bioavailable testosterone. Men in the lowest quartile of bioavailable testosterone, with levels less than 6.16 nM/liter, were older, had the highest BMI, waist circumference, and hip circumference but not neck circumference (data not shown). Overall the sleep-bioavailable testosterone results were similar but weaker, except that bioavailable testosterone was significantly associated with REM sleep, whereas total testosterone was not (data not shown). Table 2 shows the age, race, and clinic site adjusted sleep outcomes by quartiles of total testosterone. Similar to the unadjusted analyses, men in the lowest testosterone quartile had poorer sleep efficiency (P for trend ϭ 0.0008), increased awakenings after sleep onset (P for trend ϭ 0.0006), and higher apnea hypopnea index (P for trend ϭ 0.02) and were more likely to spend 1% or more of sleep time in O 2 desaturation less than 90% (P ϭ 0.0001). There were no testosterone trends with sleep duration or sleep stage distribution. Once adjusted for BMI, as shown in Table 3 , the linear trends were no longer statistically significant, with the exception that men in the lowest testosterone quartile still had significantly lower sleep efficiency than those in the second and highest quartiles and men in the lowest testosterone quartile had more awakenings after sleep onset than those in the second and highest quartiles.
These results were not changed after further adjustment for other covariates including comorbidity at the time blood was obtained for testosterone assays (data not shown). Although men who listed their health as poor, very poor, or fair had significantly lower testosterone levels than men with better health, reported health explained little of the variance in testosterone levels; partial R 2 for health was 0.004, compared with the R 2 for age (0.053) or BMI (0.031). The results of the final model were not materially changed after excluding the 48 men taking a spironolactone loop diuretic, the 41 men taking benzodiazepines, or the three men taking both medications at the time of the blood draw (data not shown). These were the only medications in this cohort that were both associated with low testosterone levels and used by more then 3% of participants in the sleep study. Although we did test for an interaction between continuous total testosterone and continuous BMI (which was not significant), we did not look at the effect between sleep outcomes and quartiles of total testosterone stratified by median BMI value, which was 27. In a post hoc analysis, the association of total testosterone with sleep efficiency and wake after sleep onset was statistically significant only for those in the upper median BMI group. This interaction was not found with any of the other sleep outcomes.
Only 119 men (about 9%) had testosterone insufficiency, as currently defined (total testosterone Ͻ 250 ng/dl) (7) . Compared with those with a testosterone greater than 250 ng/dl, men with low testosterone had higher BMI and larger neck, waist, and hip circumferences (data not shown). As shown in Table 4 , men with testosterone levels less than 250 ng/dl had lower sleep efficiency (P ϭ 0.01) and more wake after sleep onset (P ϭ 0.004) and included a greater proportion who spent time in REM sleep (P ϭ 0.04) than men with higher testosterone levels. They did not differ by sleep duration, slow wave sleep, arousal index, or AHI. When BMI was added to the models, the only associations that remained significant at P ϭ 0.05 were wake after sleep onset and percent time in REM sleep (Table 4) . No other covariates changed these associations, and they were therefore not included in the final models. No similar analyses were performed for bioavailable testosterone because there is no agreed-on cut point for bioavailable testosterone deficiency.
Discussion
In older community-dwelling men, we found no significant association between duration of sleep or sleep stage distributions and total or bioavailable testosterone. Lower testosterone levels, however, were associated with less consolidated sleep as demonstrated by decreased sleep efficiency and increased nocturnal awakenings. Lower testosterone levels were also associated with more severe sleep-disordered breathing, as evidenced by a higher AHI and more frequent hypoxemia. However, higher levels of adiposity were associated with both increased sleep-disordered breathing and low testosterone levels and adjustment for BMI in the whole cohort attenuated nearly all the observed associations. b Selected medical comorbidities include diabetes, heart attack, stroke, high blood pressure, or cancer.
Only the associations between total testosterone with wake after sleep onset and percent time in REM sleep remained marginally statistically significant after BMI and other covariate adjustments. Given the number of sleep-related outcomes reported, this single independent association could be spurious. However, the associations of testosterone with disordered sleep persisted in men with higher BMI, compatible with a low testosterone adverse sleep effect in men who are at greater risk of sleep disturbance because of higher weight. Although our findings do not support an independent association between endogenous levels of testosterone and sleep duration in older community-dwelling men who were not overweight, we did observe more nocturnal awakenings and low total testosterone levels independent of BMI, lifestyle, and comorbidity. This association persisted after adjusting for AHI, suggesting that differences in sleep-related breathing disturbances are unlikely to account for sleep quality differences observed across levels of testosterone.
Published data relating testosterone levels to sleep are quite limited. Experimental sleep deprivation in young men is associated with reductions in testosterone levels. Penev (34) reported a positive association between sleep duration, as measured by either actigraphy or PSG, and increasing testosterone levels in 12 elderly community volunteers with no underlying medical illnesses. The small, select sample studied limits the generalizability of this observation. The mechanism for any such association is poorly understood but has been postulated to relate to effects of sleep deprivation on hypothalamic pituitary function (34) .
The evidence (in unadjusted analysis) of more sleep-disordered breathing associated with low levels of endogenous testosterone contrasts with results from clinical trials of im testosterone enanthate therapy, which produces higher than physiologic testosterone levels and causes or worsens sleep apnea. Only one clinical trial in 12 hypogonadal men (35) showed that administration of testosterone increased meta- bolic rate and hypoxic ventilatory responses. The extent to which ventilatory control responses influence propensity to sleep apnea is unclear.
An absent association between testosterone and sleep is consistent with two completely different studies, a clinical trial in which the AHI did not change after testosterone patch treatment (21, 36 ) and a trial showing that antiandrogen blockade (with flutamide) had no effect on sleep or sleep-disordered breathing in patients with moderate to severe sleep apnea (23) .
In analyses adjusted for age, clinic, and race, those with lower levels of testosterone had higher levels of AHI and were more likely to be hypoxemic during sleep. However, these associations were no longer statistically significant after adjusting for BMI in the whole cohort, emphasizing the potential confounding influence of obesity in analyses examining hormonal levels and sleep. Obesity is associated with lower testosterone levels, particularly bioavailable testosterone; the latter is presumed to reflect the effect of obesity on SHBG. It is possible that indices of poor sleep found in association with obesity may be mediated through effects of obesity on lowering testosterone levels. Thus body size could be a confounder, i.e. associated with both sleep and testosterone, or an effect modifier, i.e. in the causal pathway. Our finding that lower testosterone was independently associated with adverse sleep effects only in men with higher BMI suggests that the association between sex steroids, obesity, and sleep is likely to be complex. Clinical trials of physiological doses of transdermal testosterone are necessary to answer this question.
This study has strengths and limitations. The MrOS sleep study is much larger than any other previously reported sleep study of exclusively older men and has the advantage that the 1312 men were not selected based on testosterone levels or sleep problems. Because the men in this cohort were recruited from six geographic areas in the United States, these results are likely to be generalizable to asymptomatic community-dwelling men. However, although ethnic minorities were oversampled, the MrOS sleep study was underpowered to assess differences by race or ethnicity. Another advantage is that sleep quality was directly measured using in-home recordings and standardized for usual (5 d) sleep patterns measured by actigraphy. This is the first large population-based study of sleep and endogenous testosterone, which more accurately reflects physiological levels than the pharmacologic levels achieved in most reported treatment trials. Also, we were able to adjust for lifestyle and comorbidity, which did not materially change the results once a measure of body size had been included in the analysis. In all studies of elderly people, even those who are relatively healthy and community dwelling as were MrOS participants, residual confounding by subclinical disease or other unexamined attributes is always possible. Such confounding could have obscured but is unlikely to have created associations. Finally, although this is a longitudinal study, causality cannot be assumed. The present results suggest that obesity is in the causal pathway, but we cannot determine whether obesity led to lower testosterone levels or vice versa. 
